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• Non-linear response of net C flux to 
snow: shallower and deeper snow depth 
reduce C losses from arctic tundra.

• Snow depth reshapes plant community, 
but CO2 uptake is constrained by canopy 
structure.

• Reduced microbial respiration rather 
than enhanced plant productivity drives 
C sink with snow depth.

• Rhet limited by temperature and SWC 
rather accelerated by warming or thaw- 
induced C availability.

• CH4 emissions amplify the GWP despite 
reduced C losses with deeper snow.
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A B S T R A C T

Changes in winter precipitation accompanying emerging climate trends lead to a major carbon-climate feedback 
from Arctic tundra. However, the mechanisms driving the direction, magnitude, and form (CO2 and CH4) of C 
fluxes and derived climate forcing (i.e. GWP, global warming potential) from Arctic tundra under future pre
cipitation scenarios remain unresolved. Here, we investigated the impacts of 18 years of shallow (SS, − 15–30 %) 
and deeper (IS, +20–45 %; DS, +70–100 %) snow depth on ecosystem C fluxes and GWP in moist acidic tundra 
over the growing season. The response of Arctic tundra C fluxes to snow accumulation was markedly non-linear. 
Both shallow- and deeper- winter snow decreased Arctic tundra CO2 emissions relative to ambient (AS), ulti
mately reducing ecosystem C losses over the growing season. Gross primary productivity (GPP) increased with 
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moderate increases in snow depth and decreased with further snow accumulation closely following transitions in 
shrub abundance. Photosynthetic uptake, however, was tightly regulated by canopy structure and plant respi
ration (Raut) to GPP ratio was highly conserved despite substantial transformations of plant community across 
snow treatments revealing a prominent role of heterotrophic respiration (Rhet) in driving net ecosystem ex
change. Consistently, ecosystem C gains responded to constraints on Rhet by temperature limitation within colder 
soils at SS, and by snow- and thaw-induced increases in soil-water content (SWC) that promoted anaerobic 
decomposition and dampened the temperature sensitivity of Rhet at IS and DS. Greater CH4 emissions from wetter 
soils, however, increased the global warming potential (GWP) of Arctic tundra emissions at IS and DS despite 
decreases in C losses. Overall, our findings indicate the potential of Arctic tussock tundra to reduce C losses over 
the growing season but also to significantly contribute to the ecosystem GWP under emerging trends in winter 
precipitation.

1. Introduction

Permanently frozen soils (permafrost) contain over half of the 
terrestrial soil organic carbon (SOC) (Hugelius et al., 2014; Mishra et al., 
2021). Arctic warming and changes in precipitation can increase the 
vulnerability of the permafrost carbon (C) pool, releasing ancient C into 
the atmosphere, thereby leading to a positive C-climate feedback 
(Crichton et al., 2016; Czimczik and Welker, 2010; Hicks Pries et al., 
2016; Lupascu et al., 2014; Schuur et al., 2015, 2022). The magnitude, 
direction, and form (CO2 and CH4) of this climate feedback, however, 
remain uncertain (Burke et al., 2012a, 2012b; McGuire et al., 2016; 
Treat et al., 2024), largely due to a limited understanding of Arctic C 
responses to changes in winter precipitation (Koven et al., 2013; Rixen 
et al., 2022; Schädel et al., 2024; Schaefer et al., 2014).

Climate models consistently predict 25–50 % increase in Arctic 
precipitation by 2100, >50 % as winter snowfall (Bintanja and Selten, 
2014; Khani et al., 2022; McCrystall et al., 2021; Zhang et al., 2013), but 
both increases beyond projections and decreases below the current 
average are expected (Callaghan et al., 2011; Khani et al., 2022; Kohler 
et al., 2006; Stocker et al., 2013; van Pelt et al., 2016) as reported in 
NOAA ARC (Mudryk et al., 2022). Snow depth and cover duration 
explain 50–100 % of the annual variability of soil temperature in Arctic 
systems (Gisnås et al., 2014; Lawrence and Slater, 2010). Deeper snow 
promotes soil warming directly through the insulating effect of snow 
over the snow-covered season, and indirectly over the growing season 
by increasing soil thermal conductivity and latent heat associated to 
increases in soil-water content (SWC) that derive from snow melt and 
the progressive thaw of the active layer (Liu et al., 2023; Morgner et al., 

2010; Subin et al., 2013; Zhang, 2005; Zhang et al., 2013). Increases in 
snow accumulation account for up to 50 % of recent permafrost 
warming and thawing in Northern Alaska (Osterkamp, 2007; Stieglitz 
et al., 2003). The derived impacts on the soil thermal state and hy
drology may result in cascading effects on soil C and N mineralization 
(Rixen et al., 2008; Schimel et al., 2004; Semenchuk et al., 2015) and 
plant community composition, phenology and productivity (Bosiö et al., 
2014; Johansson et al., 2013; Kelsey et al., 2021; Leffler et al., 2016). 
The potential magnitude of the resulting C-climate feedback therefore 
implies an urgent need to resolve the complex interactions that govern 
the C cycle of terrestrial Arctic systems under future precipitation sce
narios (Blanc-Betes et al., 2016; Carvalhais et al., 2014; Rixen et al., 
2022).

Predictions of climate forcing from Arctic regions build upon a 
conceptual framework based on the net balance of two competing 
climate feedbacks (Koven et al., 2015a) (Fig. 1): i) a positive feedback 
from accelerated rates of decomposition through warming- and thaw- 
induced increases in SOC availability (i.e. turnover-driven acceleration 
of climate change) (Burke et al., 2018; Feng et al., 2020; Pedron et al., 
2023; Schaefer et al., 2011; Xue et al., 2016); and ii) a negative feedback 
from increased plant productivity associated with enhanced nutrient 
mineralization and availability, typically linked to shrub expansion 
accompanying warming (i.e. productivity-driven attenuation of climate 
change) (Berner et al., 2020; DeMarco et al., 2014b; Kelsey et al., 2021; 
Mekonnen et al., 2018, 2021; Phoenix and Treharne, 2022; Salmon 
et al., 2016).

The mechanisms operating within this dual conceptualization of the 
Arctic system, however, remain unclear, especially in response to 

Fig. 1. Schematic illustrating the dual conceptualization of the C-climate feedback from terrestrial Arctic systems based on the net balance of a turnover-driven 
acceleration and a productivity-driven attenuation of climate change. In bold are the dominant mechanisms driving positive (red) and negative (green) C-climate 
feedback from terrestrial Arctic systems.
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emerging changes in precipitation (Burke et al., 2017; Koven et al., 
2015a). Experimental snow-depth manipulations, and soil warming 
and/or nutrient additions consistent with deeper snow have been shown 
to enhance, reduce and to have no effect on microbial activity, nutrient 
availability and uptake, and the leaf-level physiological responses of 
vegetation (Table S1). Discrepancies persist at the ecosystem level, the 
CO2 sink or source strength of Arctic and subarctic tussock tundra dis
playing an equally wide array of responses (Table S1). Moreover, the 
response of Arctic tundra C fluxes to future climate responds to the 
integration processes that may differ in lag-times and sensitivities to 
disturbance and is hence unlikely to be permanent nor fixed. There is 
growing evidence of non-linearity in the response of Arctic C dynamics 
to warming and/or nutrient additions consistent with deeper winter 
snow, both over time and with level of disturbance (Arens et al., 2008; 
Mauritz et al., 2017; Schädel et al., 2018; Sharp et al., 2013; Weg et al., 
2013). Predictions of long-term (i.e. decadal) climate feedbacks from 
Arctic regions under future precipitation scenarios from the extrapola
tion of short-term responses to a single-level disturbance are likely to 
result in inaccurate projections (Koven et al., 2015b; Luo et al., 2011). 
Multi-level, multi-year experimental studies are, therefore, critical to 
resolve regulatory processes and harmonize discrepancies, thereby 
contributing to the foundation of a sound understanding of the role of 
terrestrial Arctic systems in a changing climate.

Predictions of C-climate feedbacks from Arctic tundra are particu
larly sensitive to winter precipitation, as snow- and thaw-induced SWC, 
by limiting O2 availability, may slow down SOC decomposition but 
stimulate CH4 emissions (Blanc-Betes et al., 2016). Given the dispro
portionate global warming potential (GWP) of CH4 (33 CO2 equivalents) 
(Myhre et al., 2013), snow- and thaw-induced changes in SWC may 
introduce to up to 50 % divergence in model predictions of the resulting 
radiative forcing (Knoblauch et al., 2018; Lawrence et al., 2015; 
McGuire et al., 2012).

We investigated the long-term impact of changes in snow depth on 
the strength and regulation of the C sink and GWP of moist acidic tundra 
during the growing season. We combined measurements of plant- 
community structure and climatic variables with ecosystem, soil and 
heterotrophic CO2 fluxes during the growing season after 18 years of 
snow depth increases and decreases. We estimated the impact of snow 
accumulation on the growing-season C budget (CO2 and CH4) and 
radiative forcing from Arctic tundra using concurrent measures of the 
ecosystem CH4-C flux at each snow depth published elsewhere (Blanc- 
Betes et al., 2016). We hypothesized that a deeper and warmer active 
layer under deeper snow would accelerate SOC decomposition, but C 
losses would be partly or fully offset by higher GPP associated with 
shrub encroachment. Higher CH4 emissions from increasingly wet soils 
with deeper winter snow, however, would increase the radiative forcing 
of C emissions from moist tussock tundra, which represents 40 % of the 
Alaskan tundra and 20 % of Arctic tundra (Forbes, 2015; Walker et al., 
1994).

2. Material and methods

2.1. Site description

The research was conducted in moist acidic tussock tundra near 
Toolik Lake (68◦38′, 149◦38′W; 760 m) at the long-term US ITEX (In
ternational Tundra Experiment) in the northern foothills of the Brooks 
Range, Alaska (Walker et al., 1999). Annual air temperature averages 
− 8 ◦C, with monthly mean summer temperatures of 7–12 ◦C. Mean 
annual precipitation from 1994 to 2023 was 293 mm (120–470 mm 
range), with approximately 50 % falling as snow (Deslippe and Simard, 
2011; Environmental Data Center, Toolik Field Station, 2023). The study 
area remains covered in snow for about 265 days a year, with accu
mulations of 45–80 cm, and becomes snow-free by mid-June, marking 
the beginning of the growing season (Environmental Data Center, Toolik 
Field Station, 2023). The area is dominated by tussock-forming sedges 

(Eriophorum vaginatum) and mosses (Sphagnum spp., Hylocomium splen
dens), with scattered deciduous (Betula nana, Salix pulchra) and ever
green (Cassiope tetragona, Rhododendron subarcticum) shrubs (Wahren 
et al., 2005; Walker et al., 1994). The soil is a Ruptic-Histic Pergelic 
Cryaquept (Romanovsky et al., 2010). Soil is poorly drained, with a 
10–15 cm organic horizon, and the active layer typically thaws to a 
maximum depth of 45–50 cm by the end of August.

2.2. Experimental design

An experimental snow fence (2.8 × 60 m) was installed in 1994 
perpendicular to prevailing winter winds to create a snow drift 
extending 60 m downwind (Walker et al., 1999). We established five 
sampling plots in 2012 at each of four depths along the snow drift: 1) 
ambient snow (AS, annual maximum depth of 71 ± 6 cm), 2) shallow 
snow (SS, 15–30 % less snow than AS; annual maximum depth of <55 
cm), 3) intermediate snow (IS, 20–45 % more snow than AS; annual 
maximum depth of 98 ± 7 cm), and 4) deep snow (DS, 70–100 % more 
snow than AS; annual maximum depth of 131 ± 16 cm) (Blanc-Betes 
et al., 2016; Jones et al., 1998; Pattison and Welker, 2014; Walker et al., 
1999). IS represented an increase in snowfall estimated for the end of the 
current century (Bintanja and Selten, 2014). Plots 1–5 in treatments SS, 
IS and DS were established parallel to the fence from left to right. AS 
plots were perpendicular to the fence at equivalent distances from the 
fence as those of the treatments to integrate potential spatial heteroge
neity that could occlude treatment responses. An analysis of variance 
found no significant within-treatment variation for any of the mea
surements reported and hence, plots were assumed to successfully 
integrate spatial variability within treatment.

Annual precipitation in 2012 was 287 mm, similar to the mean 
annual precipitation reported for the area since 1994, and the area 
became snow-free on 18 June, near the average snow-free date of 16 
June (Environ. Data Center, TFS, 2023). The onset of the growing season 
was 3–5 days earlier in SS than AS and was delayed by 5–7 days in IS and 
15–20 days in DS compared to AS.

Fluxes of ecosystem, soil and heterotrophic CO2 and soil environ
mental variables (soil temperature, SWC and thaw depth) were 
measured biweekly from 30 May to 31 August 2012 (six sampling pe
riods). Measurements were taken between 10:00 and 15:00 over three 
days. Net CH4 fluxes were measured in parallel to CO2 fluxes in all 
sampling plots and periods (for more detailed information, see Blanc- 
Betes et al., 2016). Measurements were randomized among plots and 
treatments to minimize confounding effects from daily variability. The 
plots were accessed from permanently installed boardwalks to minimize 
disturbance.

2.3. Microclimate measurements

Photosynthetically Active Radiation (PAR) and air temperature, 
were obtained hourly from a micrometerological station located 500 m 
from our site (Arctic LTER, Toolik Field Station; http://www.lternet. 
edu/sites/arc). PAR and air temperature were measured daily at the 
experimental site and agreed well with readings from the micrometeo
rological station (r2 = 98.6; P < 0.05).

Soil temperature at 10-cm depth was measured at 0.5 h intervals 
during the growing season in each treatment using iButton temperature 
dataloggers to a precision of ±0.5 ◦C (Maxim Integrated Products, 
Sunnyvale, CA, USA) (n = 3). Handheld sensors were used to measure 
soil temperature (10-cm depth; OMEGA Engineering Inc., CT, USA) and 
0–12 cm depth-integrated volumetric soil-water content (SWC) 
(HydroSense II, Campbell Scientific Inc., UT, USA). Thaw depth was 
measured using a metal rod calibrated in centimeter increments. Rep
licates of SWC and thaw depth (n = 5) were averaged values of 8 mea
surements (subreplicates) per plot and sampling time.
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2.4. Characterization of plant community

Plant community at peak season (between late July for SS, AS and IS, 
and early August for DS) was characterized at each treatment (n = 5) 
with a 100-point 0.7 × 0.7 m grid following the point frame method 
(Walker, 1996). Unlike biomass sampling, this method was non- 
destructive, which is critical in this unique long-term experimental 
setup. Vegetation composition was expressed as percent coverage of the 
most common species comprising >80 % of the biomass of Alaskan 
tussock tundra, grouped by plant function (Walker, 1996). The aim was 
to determine whether changes in ecosystem fluxes responded to shifts in 
the dominant life forms. Spurious correlations were therefore intrinsic to 
any measure of dominance because an increase in dominance of one life 
form inevitably decreases the dominance of another.

2.5. Measurement of ecosystem CO2 flux

Net ecosystem CO2 exchange (NEE), the net balance between gross 
primary productivity (GPP) and ecosystem respiration (Reco), were 
directly measured (NEE, Reco) or estimated (GPP) at all treatments (n =
5) during the growing season. Midday NEE was measured as described 
by Shaver et al. (2007). Briefly, we used a Li-6400 (LI-COR Inc., Lincoln, 
USA) fitted to a custom-designed clear acrylic chamber (0.7 × 0.7 × 0.4 
m) equipped with temperature and PAR sensors, and two internal fans. 
We constructed six-point light-response curves of NEE for each plot and 
sampling period corresponding to full ambient light, four levels of shade 
(ca. 15, 30, 50 and 70 %) and one dark-chamber measurement of Reco. 
Chamber volume was corrected for plot-level microtopography by 
measuring the distance between the ground level and the base over a 
100-point 0.7 × 0.7 m grid. Midday NEE and GPP fluxes were normal
ized to 600 μmol photons m− 2 s− 2 (NEE600 and GPP600, respectively) 
using treatment- and period-specific model-fitted photosynthetic pa
rameters (Supp. Info. A1).

2.6. Effective leaf area index

Effective leaf area index (i.e. effective LAI; reduction of true LAI 
based on the effect of nonrandom spatial distribution of foliage on LAI 
measurements) was estimated for each plot and period from the linear 
relationship between LAI and GPP600 described by (Street et al., 2007) 
for moist acidic tussock tundra near the area of study (slope = 6.7842; 
intercept = 0.732).

2.7. Measurements of soil and heterotrophic respiration

Soil CO2 flux (Rsoil) and its heterotrophic component (Rhet) were 
measured at each treatment (n = 5) and sampling period using a Li-6400 
infrared gas analyzer equipped with a 6400–09 soil chamber (LI-COR 
Inc., Lincoln, USA) fitted to previously installed soil PVC collars (10-cm 
diameter). The PVC collars were inserted to average depth of the Oe 
horizon (5–7 cm) for Rsoil and to 50 cm for Rhet installed before the first 
snow of the previous year (Voigt et al., 2016) following the root- 
exclusion method (Kuzyakov, 2006). Aboveground vegetation was 
removed from all collars upon installation, and vegetation regrowth, if 
any, was consistently clipped. Rates of Rsoil were monitored until sta
bilized for two weeks before the start of the measurements, minimizing 
disturbance. We note that root exclusions for Rhet are problematic 
(Hopkins et al., 2013) but large amount of SOC relative to root density 
are likely to minimize the impacts of the rhizosphere on Rhet when 
compared to other ecosystems (Chen et al., 2013). Both Rsoil and Rhet 
were corrected for chamber volume accounting for depths of insertion of 
each collar. Replicates were averages of two pseudo-replicates of three 
cycles each per plot.

2.8. Modeling seasonal gross primary productivity, ecosystem respiration 
and net ecosystem exchange

Seasonal ecosystem CO2 fluxes (GPP′, R′eco and NEE′) at each treat
ment were estimated from gap-filling methods considering response 
functions to PAR and atmospheric temperature in each plot. Previous 
studies show that model parameterizations with midday values accu
rately predict daily CO2 fluxes in Arctic systems (Sharp et al., 2013). We, 
therefore, used midday model-fitted parameters to estimate seasonal 
NEE using the Photosynthetic Irradiance-Response and Temperature- 
sensitive respiration model (PIRT) model (Williams et al., 2006). The 
PIRT model is a two-term algorithm that integrates ecosystem photo
synthetic irradiance-response (i.e. GPP′) and develops the Reco term as a 
function of the ecosystem respiration-temperature response (i.e. R′eco) 
(Supp. Info. A2; Fig. S3). All model-fitted parameters are presented in 
Table 1.

To gauge confidence in our predictions, GPP′ was also estimated 
using an adaptation of the aggregated canopy photosynthesis model that 
uses parameterizations of the leaf-level photosynthesis-light response 
and light extinction through the canopy to integrate phenology (Ives 
et al., 2013; Sharp et al., 2013; Shaver et al., 2007) (Supp. Info., A3; 
Fig. S4). Comparisons of predictions of GPP′ indicated strong agreement 
(r2 = 0.97, P < 0.0001; slope = 0.93, intercept = 0.4) validating the 
photosynthetic irradiance-response term of the PIRT model for pre
dicting GPP′, and the interpolation of period-specific parameterizations 
to integrate seasonality (Fig. S4). A regression of predicted against 

Table 1 
Results of the parameterization of the Photosynthetic Irradiance-Response and 
Temperature-sensitive respiration (PIRT) model. (a) Model parameters and 
statistics for each treatment developed from treatment-specific period averages. 
Model parameters are: light-saturated photosynthesis (Amax, μmol CO2 m− 2 s− 1), 
half-saturation constant (Ks, μmol photons m− 2 s− 1), mean quantum efficiency 
(E0, μmol CO2 μmol− 1 PAR), leaf area index (LAI), basal ecosystem respiration 
(Rb, μmol CO2 m− 2 s− 1 at 0 ◦C), relative increase in Reco with air temperature (β, 
1/◦C) and the apparent temperature sensitivity of ecosystem respiration (Q10) in 
each treatment. Values reported are seasonal means ± standard errors of the 
means. Different letters denote significant differences between snow treatments 
(P < 0.05). (b) Statistics of the fit when treatment-specific parameters are used to 
predict NEE in the entire data set. (c) Statistics of fit when treatment-specific 
parameters are used to predict NEE in a subset of data not included in the 
parameterization of the model.

SS AS IS DS

(a) PIRT model parameterization
Amax 18.2 ± 1.1a 22.0 ± 1.4b 28.2 ± 1.1c 20.4 ± 0.9ab

Ks 711.3 ± 74.7a 870.1 ±
80.3ab

1019.4 ±
98.0b

976.2 ±
77.8ab

E0 0.026 ±
0.003a

0.025 ±
0.002a

0.028 ±
0.002a

0.021 ±
0.003b

Effective 
LAI

1.08 ± 0.02a 1.19 ± 0.02b 1.42 ± 0.03c 1.05 ± 0.02d

Rb 1.57 1.72 2.17 0.31
β 0.078 0.080 0.075 0.177
Q10 2.2 2.2 2.1 5.9
r2 0.41 0.57 0.59 0.79

(b) Model evaluation
Slope 0.954 0.968 0.972 0.965
Intercept – 0.068 – 0.209 – 0.247 0.037
R2 0.970 0.951 0.953 0.974
RMSE 0.960 1.298 1.342 0.877
n 180 180 180 120

(c) Model validation
Slope 0.922 0.949 0.936 0.945
Intercept 0.166 – 0.452 – 0.407 0.336
R2 0.974 0.919 0.936 0.968
RMSE 0.883 1.213 1.253 1.028
n 36 36 36 24
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observed Reco similarly indicated unbiased relationships for all treat
ments (Fig. S5).

Hourly GPP and Reco were combined to estimate hourly NEE for each 
treatment, and the estimates were summed for calculating daily and 
seasonal GPP′, R′eco and NEE′ for each treatment (Supp. Info A2; Fig. S6).

2.9. Modeling soil, heterotrophic and autotrophic respiration

Daily Rsoil for each treatment was estimated by linearly interpolating 
Rsoil between sampling periods (Gomez-Casanovas et al., 2013), and 
daily Rhet was estimated from treatment-specific temperature-depen
dent functions following procedures in Lloyd and Taylor (1994) (Supp. 
Info., A4). Model-fitted parameters are presented in Table 3.

Daily estimates of autotrophic respiration (Raut; above- and below- 
ground plant respiration) were calculated as the difference between 
Reco and Rhet, and daily estimates were summed to calculate seasonal 
R′aut at each treatment (Supp. Info., A4).

2.10. Seasonal R′aut-to-GPP′ ratios and net primary productivity

The Raut to GPP ratio was calculated for each treatment from sea
sonal estimates (i.e. R′aut-to-GPP′). Seasonal net primary productivity 
(NPP′) was calculated for each treatment as the difference between 
seasonal estimates of GPP′ and R′aut. R′aut and GPP′ were measured 
independently, thus minimizing autocorrelation biases of calculated 
values as described in DeLucia et al. (2007) and Lasslop et al. (2010). 
R′aut-to-GPP′ and NPP′, however, were used as an indication of change in 
response to treatment rather than a quantitative measure due to the 
inherent codependency between estimates of Raut and GPP in this study.

2.11. Seasonal ecosystem C budgets and GWP

Seasonal ecosystem C budgets for each treatment were calculated 
from the sum of the net seasonal ecosystem CO2 and CH4 balance, ac
counting for the mass difference between CO2 and CH4 gas and 
expressed as gCO2-C and gCH4-C, respectively. The seasonal ecosystem 
CO2 budget was inferred from NEE′ and seasonal net ecosystem CH4 
budget was calculated from linearly interpolated period- and site- 
specific mean fluxes from our parallel CO2 flux measurements (Fig. 3
and Table 4 in (Blanc-Betes et al., 2016). The net seasonal ecosystem C 
flux for each treatment was expressed as CO2 equivalents (CO2e) by 
multiplying the seasonal CH4 budget of each treatment by its 100-year 
GWP (33 CO2e) (Myhre et al., 2013; Shindell et al., 2009) and adding 
its corresponding seasonal CO2 budget for calculating GWP from 
ecosystem C fluxes during the growing season.

2.12. Statistical analysis

We used separate generalized linear mixed models for each dominant 
life form, with treatment as a fixed effect and plot as a random effect, for 
reporting changes in responses to treatments specific to the life form. 
Similar statistical methods have been used for analyzing the response of 
species coverage (%) to treatment (Bennie et al., 2018). We investigated 
the effect of the snow treatments on abiotic factors (air and soil tem
perature, volumetric SWC, and thaw depth), biotic variables (NEE600, 
GPP600, Reco, and Rhet), model-fitted parameters (Amax and Ks), and 
derived variables (effective LAI) using repeated-measures analyses of 
variance (repeated ANOVAs), with treatment (RS, Ambient, MS, and HS) 
and sampling period (1–6) as main effects, and plot within treatment (n 
= 5, except for Rhet where n = 3) as a random effect. The effects of 
treatment on CO2 fluxes within a period were examined by simple 
analysis of variance (ANOVA). Simple regression analyses were con
ducted to describe the responses of Reco, Rsoil and Rhet responses to single 
environmental variables. Multiple regression analyses were performed 
to determine the combined effect of the abiotic variables on CO2 fluxes. 
Normalized GPP600, Reco, and Rhet were independently measured, thus 

minimizing spurious correlation and overestimation of regression co
efficients derived from the calculation of autocorrelated variables as in 
(Lasslop et al., 2010). We subtracted self-correlation, however, by esti
mating the fraction attributed to shared variables (r2

SC) (Gomez-Casa
novas et al., 2012; Vickers et al., 2009) due to the inherent 
codependency between estimates of ecosystem CO2 assimilation and 
respiration. All residuals were checked for normality and homogeneity 
of variances to ensure that the assumptions of the ANOVAs and re
gressions were met, and the statistical significance was determined at P 
< 0.05. Error term for the seasonal budgets of ecosystem CO2 and CH4 
fluxes, and soil and heterotrophic CO2 fluxes were propagated using 
daily variance as the main parameter representing the uncertainty 
associated with spatial heterogeneity within treatment (Davidson et al., 
2008). All statistical tests were conducted with Statgraphics Centurion 
XVI (Statistical Graphics Corporation).

3. Results

3.1. Environmental parameters

Deeper winter snow led to warmer soil temperatures over the 
growing season despite an early season short-lived cooling effect asso
ciated with delayed snowmelt (Fig. S1a). Differences among treatments 
increased as the season progressed (P < 0.05). SS averaged colder soils 
than AS over the growing season (1.8 ± 0.07 and 2.4 ± 0.1 ◦C, respec
tively; P < 0.05), and seasonal soil temperature increased with deeper 
snow in IS and DS (3.5 ± 0.08 and 4.1 ± 0.04 ◦C, respectively; P < 0.05).

Volumetric SWC increased with snow depth and during the growing 
season in all treatments except for DS where the soil was saturated 
throughout the season (Fig. S1b). Soils were drier in SS (0.63 ± cm3 

cm− 3; P < 0.05) and wetter in IS and DS (0.88 ± 0.02 and 0.96 ± 0.03 
cm3 cm− 3, respectively; P < 0.05) than in AS (0.71 ± 0.03 cm3 cm− 3).

Thaw depth increased with snow depth, and differences among 
treatments intensified as the season progressed (P < 0.05) (Fig. S1c). 
Maximum thaw depth was similar in SS and AS (49.3 ± 1.1 and 51.1 ±
1.6 cm, respectively; P > 0.1), and increased in IS and DS (56.7 ± 1.4 
and 65.8 ± 2.3 cm, respectively; P < 0.05).

Seasonal atmospheric temperature averaged 12.1 ◦C, with the 
highest monthly mean occurring in July (14.4 ◦C) (Fig. S3a). PAR was 
highest in June and decreased thereafter registering <600 μmol photon 
m− 2 s− 1 during 90 % of August (Fig. S3a).

3.2. Characterization of vegetation cover

The relative abundance of shrubs increased with moderate increases 
in snow depth from SS (22.5 ± 3.3 %) to AS (27.4 ± 3.1 %) to IS (32.0 ±
3.6 %) but decreased with further snow accumulation in DS (9.2 ± 1.6 
%) (Fig. 2). Eighteen years of shallower snow-depth reduced the pres
ence of deciduous shrubs by 56 ± 3 %, while increased the presence of 
evergreen by 10 ± 4 % in SS. In IS, deciduous shrubs increased by 87 ±
4 % while evergreen shrubs decreased by 36 ± 3 % relative to AS 
(Fig. 2). In contrast, both deciduous and evergreen shrubs decreased in 
DS by 25 ± 3 % and 97 ± 2 % compared to AS, respectively (Fig. 2). The 
relative abundance of graminoids decreased from 17.9 ± 2.7 % in AS to 
15.5 ± 3.4 % in SS but increased in IS and DS to 21.7 ± 2.2 % and 27.6 
± 3.4 %, respectively. The relative abundance of mosses was similar in 
SS, AS and IS (11.4–12.7 %) but was higher in DS (54.2 ± 3.6 %).

3.3. Ecosystem, soil and heterotrophic CO2 fluxes

Mean GPP600 increased in IS and decreased in DS relative to AS and 
SS (Fig. 3a). Mean GPP600 was similar in SS and AS despite lower Amax 
due to smaller Ks (Figs. 3a and S2, Tables 1 and S2). GPP600 was 
consistently higher in IS than in AS during the growing season despite 
increased Ks due to a higher Amax (Figs. 3a and S2, Tables 1 and S2). 
However, further snow accumulation reduced GPP600 due to lower Amax 
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and higher Ks in DS compared to AS (Figs. 3a and S2, Tables 1 and S2). 
Co-variation of Amax and Ks across treatments yielded relatively constant 
E0, although E0 increased slightly from SS and AS to IS (P < 0.1) and 
decreased in DS to below AS values (P < 0.05) (Tables 1 and S2).

Deeper snow increased Reco from SS to AS to IS, but further snow 
accumulation in DS decreased Reco (Fig. 3b, Table S2). The seasonal 
variation of Reco was mainly driven by air temperature (r2 = 0.51, P <
0.05) but differences in Reco among treatments were mostly explained by 
changes in GPP600 (Table 2). After correction for self-correlation, the 
correlation between Reco and GPP600 varied among treatments, 
increasing from SS to AS to IS, but decreasing in DS (Table 2). NEE600 
thus illustrated a source-sink relationship with snow depth (Fig. 3c).

Rates of Rsoil increased from SS to AS to IS but decreased in DS 
relative to AS (Fig. 4a, Table S2). Rates of Rsoil were positively correlated 
with GPP600, but correlation coefficients varied among treatments, 
increasing from SS to AS to IS, but decreasing in DS after adjusting for 
self-correlation (Table 2).

Rates of Rhet were consistently lower in SS and higher in IS than in AS 
(Fig. 4b; Table S2). Rhet, however, was similar in DS and AS (Fig. 4b, 
Table S2). Soil temperature and SWC explained variations in Rhet (Fig. 5; 
Table 3). The apparent seasonal Q10 of Rhet decreased slightly from SS to 
AS to IS, and substantially in DS (Table 3). Basal Rhet (R0; Rhet at 0 ◦C) 
was unaffected by snow treatment (Table 3). Rhet increased with SWC 
peaking at 0.65–0.77 cm3 cm− 3 but decreased with further increases in 
SWC (Fig. 5). The relative weights of soil temperature and SWC in 
explaining variations in Rhet differed among treatments, with soil tem
perature losing leverage as SWC gained control with deeper snow 
(Table 3).

3.4. Effective leaf area index

Snow treatment altered effective LAI (Tables 1 and S2). Estimates of 
effective LAI increased from SS to AS to IS but decreased in DS to below 
AS (Tables 1 and S2).

3.5. Seasonal CO2-C budgets

Both cumulative GPP′ and R′eco were lower in SS and higher in IS than 
AS. Further snow accumulation in DS, however, decreased both GPP′ 
and R′eco compared to AS (Fig. 6a and b). During the growing season, 
Arctic tundra was a net CO2 source in AS and a net CO2 sink in SS 
(Figs. 6c and 7a). Deeper snow reduced CO2 losses in IS compared to AS 
and switched the system into a weak CO2 sink in DS (Figs. 6c and 7a, 
Table S2). AS transitioned from a CO2 source to a CO2 sink by mid-July 
(Fig. 6c). The transition was anticipated by 5 and 12 days in SS and IS 

Fig. 2. Percent coverage of the main life forms for shallow snow (SS), ambient 
(AS), intermediate snow (IS) and deep snow (DS). Mosses include Spagnum sp. 
and Hylocomium splendens, tall graminoids are dominated by Carex bigelowii, 
tussock-forming graminoids refer to Eriophorum vaginatum, deciduous shrubs 
are dominated by Betula nana, Salix pulchra and Vaccinum ulginosum, evergreen 
shrubs include Vaccinum vitis-ideae, Ledum decumbens and Cassiope tetragona and 
lichens are dominated by Peltigera sp. and Cladina sp. Values are mean percent 
coverages (n = 5). Different letters for the same life form indicate significant 
differences among the treatments (ANOVA, p < 0.05). Error bars correspond to 
standard errors of the means.

Fig. 3. Seasonal variation of the rates of (a) ecosystem respiration (Reco) (b) 
gross primary productivity normalized to 600 μmol photons m− 2 s− 1 (GPP600), 
and (c) normalized net ecosystem exchange (NEE600) for shallow snow (SS), 
ambient (AS), intermediate snow (IS) and deep snow (DS) (μmol CO2 m− 2 s− 1). 
Normalized ecosystem CO2 fluxes are reported from the atmospheric perspec
tive, in which negative values indicate a CO2 sink, and positive values indicate a 
CO2 source. Different letters within the same sampling period indicate signifi
cant differences among the treatments (ANOVA; p < 0.05, n = 5). Error bars 
correspond to standard errors of the means.
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and delayed by 19 days in DS relative to AS (Fig. 6c). Both AS and IS 
became a net CO2 source by late August, whereas SS and DS remained 
net CO2 sinks until the first snow (Fig. 6c).

The contribution of R′het to R′eco was 15 ± 1.5 % in SS, 20 ± 1.2 % in 
AS, 21 ± 1.0 % in IS and 26 ± 1.7 % in DS. The contribution of R′het to 
R′soil was 50.7 ± 4.5 % in SS, 51.2 ± 3.2 % in AS, 58.2 ± 3.0 % in IS and 
87.3 ± 7.9 % in DS.

The R′aut-to-GPP′ ratio was similar between SS, AS and IS (P > 0.05), 
and decreased in DS (P < 0.05). R′aut-to-GPP′ ratios were 0.64 ± 0.06 for 
SS, 0.68 ± 0.06 for AS, 0.61 ± 0.05 for IS, and 0.58 ± 0.05 for DS. NPP′ 

increased at SS and DS and was significantly higher at IS (P < 0.05) 
compared to AS (Fig. 8). Cumulative NPP′ during the growing season 
was 71.7 ± 8.8 gCO2-C m− 2 at SS, 65.0 ± 6.3 gCO2-C m− 2 at AS, 91.9 ±
6.9 gCO2-C m− 2 at IS, and 71.2 ± 6.2 gCO2-C m− 2 at DS.

3.6. Seasonal ecosystem C budget and global warming potential

The Arctic tundra was a net source of C and GWP in AS when 
ecosystem CH4 fluxes were incorporated into the seasonal C budget 
(Fig. 7). SS converted the tundra into a net sink of both C and GWP 
(Fig. 7). IS reduced net C losses by 30 ± 4 % but did not affect the GWP 
relative to AS when accounting for the radiative forcing of a 20-fold 
increase in the strength of the CH4 source (Fig. 7). Further snow 

Table 2 
Results from the simple regression analyses. Evaluation of the relationship be
tween GPP600 (ln-transformed) and ecosystem and soil respiration (μmol m− 2 

s− 1). Coefficients of determination considering raw regression (r2), estimated 
self-correlation between co-dependent variables (r2

sc) and estimated real corre
lations between variables subtracting inherent co-dependency (ȓ2) are reported.

Dependent variable r2 r2
sc ȓ2 F P

Reco All treatments 0.16 0.12 0.04 18.8 <0.0001
SS 0.42 0.08 0.34 15.9 0.0006
AS 0.50 0.08 0.42 23.4 0.0001
IS 0.74 0.08 0.66 64.6 <0.0001
DS 0.48 0.26 0.23 12.2 0.004

Rsoil All treatments 0.29 0.01 0.28 40.4 <0.0001
SS 0.32 0.00 0.32 12.8 0.0013
AS 0.51 0.01 0.50 29.2 <0.0001
IS 0.66 0.01 0.65 53.7 <0.0001
DS 0.28 0.01 0.27 6.5 0.0207

Fig. 4. Seasonal variation of the rates of (a) soil respiration (Rsoil) and (b) 
heterotrophic respiration (Rhet) (μmol CO2 m− 2 s− 1) for shallow snow (SS), 
ambient (AS), intermediate snow (IS) and deep snow (DS). Different letters 
within the same sampling period indicate significant differences among the 
treatments (ANOVA; p < 0.05, n = 5). Error bars correspond to standard errors 
of the means.

Fig. 5. Results from the simple regression analysis. Evaluation of the rela
tionship between volumetric soil-water content (SWC, cm3 cm− 3) and hetero
trophic respiration (Rhet, μmol CO2 m− 2 s− 1) during the growing season for 
shallow snow (SS), ambient (AS), intermediate snow (IS) and deep snow (DS).

Table 3 
Results from the simple regression analyses. Evaluation of the relationships 
between heterotrophic respiration (Rhet, μmol m− 2 s− 1) and (a) volumetric soil- 
water content, (b) soil temperature and (c) thaw depth. Coefficients of deter
mination (r2) and statistics across treatments and for each individual treatment 
are reported. (b) shows basal respiration (R0, μmol CO2 m− 2 s− 1 at 0 ◦C), relative 
increase in Rhet with air temperature (φ, 1/◦C) and the apparent temperature 
sensitivity of Rhet (Q10) for each treatment. Different letters denote significant 
differences between snow treatments (P < 0.05).

All treatments SS AS IS DS

(a) Volumetric soil-water content (cm3 cm− 3). Best fit: polynomial
r2 0.31 0.48 0.50 0.64 0.88
RMSE 0.078 0.141 0.045 0.143 0.047
F 13.4 5.9 4.5 11.8 41.2
P <0.0001 0.0147 0.0441 0.0012 <0.0001

(b) Soil temperature (◦C). Best fit: exponential
R0 0.602 0.429a 0.478a 0.494a 0.490a

φ 0.142 0.237a 0.220a 0.247a 0.158b

Q10 4.1 ± 1.5 10.7 ± 1.3a 9.0 ± 1.2a 8.6 ± 1.3a 4.8 ± 1.3b

r2 0.56 0.87 0.85 0.81 0.77
RMSE 0.142 0.074 0.053 0.070 0.076
F 77.1 89.7 100.2 80.2 41.2
P <0.0001 <0.0001 <0.0001 <0.0001 <0.0001

(c) Thaw depth (cm). Best fit: linear
r2 0.00 0.14 0.15 0.01 0.07
RMSE 0.223 0.210 0.131 0.233 0.159
F 0.2 1.3 1.4 0.1 1.0
P 0.6391 0.2835 0.2645 0.7928 0.3466

E. Blanc-Betes et al.                                                                                                                                                                                                                            Science of the Total Environment 962 (2025) 178246 

7 



accumulation in DS switched the system into a small C sink but increased 
the strength of the GWP source by 130 ± 16 % due to a 150-fold increase 
in the CH4 source strength compared to AS (Fig. 7).

4. Discussion

Carbon fluxes from Arctic tundra under Ambient conditions were 
similar in magnitude to those reported across the Alaskan Arctic tundra 
over the last decades, indicating that our study site was representative of 
moist acidic tundra in the region (Biasi et al., 2014; Grogan and Chapin 
III, 2000, 1999; Jones et al., 1998; Kwon et al., 2006; Leffler et al., 2016; 
Welker et al., 2000). Nearly two decades of both increases and decreases 
in winter snow depth reduced net C losses from moist acidic tundra 
during the growing season revealing a markedly non-linear response of 
NEE to snow accumulation. Seasonal CH4 emissions, however, increased 
exponentially with deeper snow (Blanc-Betes et al., 2016), amplifying 
the GWP of the tundra with deeper snow despite decreases in C losses. 
Our results further revealed key regulatory pathways that depart from 
the turnover-driven acceleration vs productivity-driven mitigation 
framework (Fig. 1) in important ways, which we discuss in detail below: 
1) GPP increased with moderate increases in snow depth and decreased 
with further snow accumulation in close correspondence with changes 
in shrub abundance, but enhanced photosynthetic CO2 uptake typically 
linked to shrub expansion was largely constrained by canopy structure 
(i.e. three-dimensional arrangement of plant canopy); 2) a relatively 
conserved Raut-to-GPP ratio across treatments limited the response of 
NPP, and revealed a prominent role of Rhet in driving responses of the C 
sink or source strength and GWP of Arctic tundra to snow accumulation 
(Fig. 8); and 3) variations in Rhet responded mostly to temperature 
constraints under shallow snow, and to SWC rather than to warming- 
and thaw-induced increases in C availability and decomposability with 
deeper snow.

4.1. Snow depth exerted a strong control on the productivity of Arctic 
tundra through impacts on plant community and canopy structure

Moderate increases in snow depth (from SS to AS to IS) increased the 
ecosystem photosynthetic activity accompanying the relative abun
dance of deciduous shrubs, which increased to the detriment of ever
greens and sedges. This is consistent with changes in plant community 
structure observed at our experimental sites after 8 years of 1–3 fold 
snow depth increases (Wahren et al., 2005), and supports observations 

Fig. 6. Estimates of cumulative fluxes (a, b and c) and seasonal budgets (d, e 
and f) of ecosystem CO2 fluxes including gross primary productivity (GPP′) (a 
and d), ecosystem respiration (R′eco) (b and e) and net ecosystem exchange 
(NEE′) (c and f) expressed in gCO2-C m− 2 for shallow snow (SS), ambient (AS), 
intermediate snow (IS) and deep snow (DS) during the growing season. The box 
plots indicate model uncertainty for each CO2-C seasonal budget (GPP′, R′eco 
and NEE′) and site (SS, AS, IS and DS).

Fig. 7. Seasonal estimates of (a) net ecosystem C fluxes (gC m− 2) and (b) net C 
global-warming potential (GWP-C, patterned; gCO2 equivalents m− 2) derived 
from the budgets of net ecosystem CO2 (solid dark gray) and CH4 (solid light 
gray) for shallow snow (SS), ambient (AS), intermediate snow (IS) and deep 
snow (DS). Error bars correspond to standard errors of the means. Asterisks 
indicate significant differences between a treatment and AS at P < 0.1 (*) and P 
< 0.05 (**). Error terms and statistical significance for individual contributions 
from CO2 and CH4 fluxes to net C and GWP budgets are displayed in Figs. S10 
and S11 of Supp. Info.

Fig. 8. Changes in the contribution of seasonal net primary productivity 
(ΔNPP′) and heterotrophic respiration (ΔR′het) during the growing season to 
changes in net ecosystem exchange (ΔNEE′) for shallow snow (SS), intermediate 
snow (IS) and deep snow (DS) relative to ambient (AS). Negative values indi
cate increases in the seasonal CO2 sink in response to the treatments. ΔR′het was 
significant for all treatments (P < 0.05), whereas ΔNPP′ was significant for IS 
only (P < 0.05) (P > 0.1 for SS and P = 0.1 for DS). Error bars correspond to 
standard errors of the means of seasonal NEE. Asterisks indicate significant 
differences between a treatment and AS at P < 0.1 (*) and P < 0.05 (**). Error 
terms and statistical significance for individual contributions from R′het and 
NPP′ are displayed in Fig. S12 of Supp. Info.
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of recent shrub expansion in Arctic tundra accompanying climate 
warming (Callaghan et al., 2022; Elmendorf et al., 2012a, 2012b; 
Mekonnen et al., 2021; Tape et al., 2006, 2012; Walker et al., 2006). 
However, further snow accumulation (DS) drastically reduced GPP 
following the replacement of both deciduous and evergreen shrubs with 
tall sedges and mosses (Fig. 2, Fig. 6a). Similar transitions towards wet 
sedge tundra have been reported associated with progressive permafrost 
degradation (Myers-Smith et al., 2020).

Observed responses of ecosystem productivity to snow accumulation 
contrast with previous measurements of leaf-level photosynthesis across 
our experimental site, which declined with shallower snow (Pattison 
and Welker, 2014) and were not affected by increases in snow depth 
(Leffler et al., 2016). This apparent discrepancy suggests that changes in 
the maximum photosynthetic capacity (Amax) and GPP resulted from 
changes in effective LAI rather than in leaf-level physiology (Jespersen 
et al., 2023; Sharp et al., 2013; Starr et al., 2008; Street et al., 2007). 
Consistently, effective LAI closely followed changes in Amax (Fig. S2, 
Tables 1 and S2). This agrees with greater LAI, branching and secondary 
growth of deciduous shrubs in response to experimental warming and 
fertilization (Bret-Harte et al., 2002, 2001; Mekonnen et al., 2021; 
Shaver et al., 2001).

The denser canopy of a deciduous shrub-dominated overstory how
ever, comes to the detriment of shaded understory vegetation (Bret- 
Harte et al., 2001; Miller and Smith, 2012), leading to higher Amax, but 
increasing light requirements (Ks, half-saturation light) and exerting a 
strong control on photosynthetic activity through canopy structure 
(Table 1; Fig. S2) (Sweet et al., 2015). Consistently, Ks and Amax 
increased proportionally yielding relatively conserved Amax-to-Ks values 
(E0), and hence limiting the response of GPP to moderate changes in 
snow-depth (Table 1). Similarly, photosynthetic controls at the canopy 
level led seasonal development and mediated certain decoupling be
tween seasonal GPP and the length of the snow-free period, challenging 
the tight correlation suggested by previous studies (Groendahl et al., 
2007; Lund et al., 2010; Wipf and Rixen, 2010) (Figs. 3a, 6a and S2; 
Table 1).

4.2. Heterotrophic respiration dominated the response of the Arctic 
tundra C budget to changes in winter snow with limited contribution from 
net primary productivity

Changes in GPP with snow treatment were largely compensated by 
changes in Reco, which integrates C losses from both plant Raut and Rhet. 
Consistently, GPP600 and Reco were positively correlated in all treat
ments suggesting important contributions from Raut to Reco (r2

SC; Table 2) 
(Gomez-Casanovas et al., 2012; La Puma et al., 2007). GPP600 explained 
an increasing portion of the Reco variability with moderate increases in 
snow-depth but lose leverage with further snow accumulation, indi
cating greater uncoupling between ecosystem productivity and respi
ration with both shallow and deep snow accumulation (Table 2). This 
photosynthesis-to-respiration uncoupling may be traced to differences 
in the fraction of GPP lost through Raut and to differences in Rhet.

The proportion of GPP lost to Raut (Raut-to-GPP ratio) was highly 
conserved from shallow to ambient to intermediate snow depths (SS to 
AS to IS, respectively), suggesting little impact of moderate increases in 
snow depth on the plant carbon use efficiency (CUE; proportion of GPP 
allocated to biomass) despite higher GPP and shrub abundance. How
ever, further snow accumulation decreased the Raut-to-GPP ratio at DS 
despite significantly lower GPP, presumably due to the greater CUE of 
mosses (Bradford and Crowther, 2013; Street et al., 2013). Relatively 
conserved Raut-to-GPP ratios among treatments indicates that variations 
in NEE were largely attributable to the direct impact of winter snow 
accumulation on Rhet. Consistently, at SS and DS, 65–70 % of observed 
ecosystem C gains was attributable to decreases in Rhet. Moreover, while 
NPP dominated changes in NEE at IS (responsible of 54 % of the 
observed change), C gains were partly offset by warming-driven in
creases in Rhet limiting changes in the C sink strength despite evidence of 

substantial shrub expansion (Fig. 8).

4.3. The dominant effect of Rhet on the C sink strength responded to 
temperature and SWC constraints rather than warming and thaw-induced 
changes in C quality and availability

Rhet exhibited apparent seasonal Q10 values of ~10 at SS, AS and IS, 
and ~5 at DS (Table 3). These results agree with those reported for 
tussock and wet-sedge Arctic tundra soils (9.4 and 4.6, respectively) 
(Mikan et al., 2002) and are consistent with observed shifts in plant 
community across treatments (Fig. 2). Values of Q10 above 2.5 however, 
suggest that other variables such as SWC and substrate supply may co- 
vary with soil temperature to explain changes in Rhet (Davidson et al., 
2006; Davidson and Janssens, 2006; Hursh et al., 2017; Mishra et al., 
2021). The high Q10 of Arctic soils has been suggested to largely reflect 
the temperature sensitivity of relatively labile SOC (Gentsch et al., 2018; 
Mikan et al., 2002). Recent studies propose that litter quantity (Myers- 
Smith and Hik, 2013) and quality (DeMarco et al., 2014a) are more 
important than environmental variables in determining decomposition 
rates. However, similar R0 (i.e. Rhet at 0 ◦C) suggests comparable sub
strate utilization across snow treatments despite the greater decom
posability of graminoid-derived litter than that of deciduous shrubs 
(Fig. 2; Table 3) (Hobbie, 1996; Mack et al., 2004; Mikan et al., 2002). 
Similarly, R0 did not respond to deeper and warmer active layer ques
tioning arguments of thaw-induced shifts in substrate utilization (Biasi 
et al., 2005; Ren et al., 2020; Uhlí̌rová et al., 2007). This is further 
supported by the negligible effect of thaw depth on Rhet (Table 3). These 
results suggest that microbial activity and function responded to soil 
temperature and SWC constraints rather than plant-derived or thaw- 
induced changes in C availability and decomposability.

Volumetric SWC explained an increasing fraction of Rhet variability 
from SS to AS to IS and became the main driver at DS (Table 3), where 
near water-saturation conditions limited aerobic decomposition within 
anoxic soils (Fig. 5) (Blanc-Betes et al., 2016). Consistently, Q10 
decreased at DS, explaining similar Rhet rates than AS despite substantial 
increases in soil temperature (Fig. 4; Table 3). This is consistent with the 
negative relationship between water table position and ecosystem Q10 
reported from subarctic and Arctic regions (Huemmrich et al., 2010; 
McConnell et al., 2013).

4.4. CH4 fluxes increased the GWP Arctic tundra emissions with deeper 
snow despite lower C losses

Snow- and thaw- induced increases in SWC limited Rhet contributing 
to the C sink strength of Arctic tundra with snow additions (Fig. 7a). This 
additional C sink, however, came at the cost of substantial positive 
feedback on climate (GWP), as near water-saturated conditions signifi
cantly increased CH4 emissions from Arctic tundra under deeper snow 
(Fig. 7b) (Blanc-Betes et al., 2016). These results agree with model 
predictions of climate forcing feedbacks from Arctic regions considering 
the prognostic dynamics of incomplete permafrost degradation (Grant, 
2015; Knoblauch et al., 2018), but contrast with model projections 
addressing scenarios of extensive losses of permafrost area by the end of 
the century (Burke et al., 2012a, 2012b; Koven et al., 2015b; Schaefer 
et al., 2011).

4.5. Implications

Nearly two decades of changes in snow-depth led to legacies onto the 
functioning and regulation of C dynamics over the growing season and 
reshaped the plant community of moist acidic tundra. Increases in snow- 
depth consistent with observations (Pedersen et al., 2021; Stuefer et al., 
2020) and projections of winter precipitation (Bintanja and Selten, 
2014) in Arctic systems facilitated shrub encroachment, increases in leaf 
area and accelerated green-up rates in line with ecological definitions of 
Arctic greening (Callaghan et al., 2022). Further snow accumulation, 
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however, drastically reduced photosynthetic foliage in a process best 
defined by vegetation browning (Myers-Smith et al., 2020). Notably, 
shrub expansion promotes snow accumulation amplifying the impacts of 
increased precipitation over time (Sturm et al., 2005). Subject to pro
gressive permafrost degradation, the system is likely to undergo shifts 
towards a wet sedge dominated system following a browning process 
similar to that observed in our DS site. This may contribute to the 
slowdown of apparent Arctic greening reported in some regions in 
recent years (Phoenix and Bjerke, 2016). The strong dependence of plant 
community structure on snowfall and legacies onto SWC during the 
snow-free period adds to a building body of knowledge to explain the 
large spatial heterogeneity observed in these relatively recent phe
nomena (Berner et al., 2020; Campbell et al., 2021; Heijmans et al., 
2022; Phoenix and Treharne, 2022).

Contrary to our initial hypotheses, far from a productivity-driven 
attenuating effect on climate accompanying shrub expansion, the tight 
regulation of photosynthetic CO2 uptake at canopy level limited the 
response of GPP and the Raut-to-GPP ratio to snow depth. Observed 
Arctic greening trends over the last decades has been used as an indi
cation of the potential of climate-driven increases in GPP to act as a 
significant mitigating agent of climate change (Forkel et al., 2016; 
Myers-Smith et al., 2011; Qian et al., 2010). Our results challenge claims 
of a large attenuating effect from enhanced GPP and agrees with recent 
evidence suggesting limited ability of increases in biomass to offset C 
losses across northern permafrost ecosystems under future climate sce
narios (Abbott et al., 2016; Christiansen et al., 2018; McGuire et al., 
2018; See et al., 2024; Watts et al., 2021; Zona et al., 2022).

Our results further suggest that the stronger trends in the GPP than in 
Reco annual amplitudes reported in association with widespread 
greening across Arctic tundra may be largely explained by constraints on 
microbial function and activity (Forkel et al., 2016). Seemingly at odds 
with model predictions of a positive C-climate feedback proportional to 
warming- and thaw-induced increases in SOC availability and decom
posability (Harden et al., 2012; Koven et al., 2015a; Lawrence et al., 
2015; Schaefer et al., 2014), concurrent increases in SWC are likely to 
limit the temperature sensitivity of SOC decomposition rates and reduce 
seasonal C losses with deeper snow. The dominant role of SWC in driving 
the C-climate feedback from Arctic tundra is further emphasized by 
observed exponential increases in CH4 emissions with deeper snow, 
which significantly increased the GWP of Arctic tundra despite de
creases in C losses.

Recent model ensembles project increases in summer and autumn 
rainfall accompanying increases in winter snowfall (Bintanja, 2018; 
McCrystall et al., 2021; Stuefer et al., 2020). Increased rainfall added to 
snow-and thaw-induced increases in SWC, and latent heat may trigger a 
hardly reversible positive feedback on permafrost degradation. Severe 
permafrost degradation under projected changes in precipitation over 
time spans longer than considered in this study, by promoting soil 
drainage could suppress CH4 emissions but accelerate Rhet, drastically 
increasing Arctic tundra C losses (Lawrence et al., 2015; Liljedahl et al., 
2016; Schädel et al., 2016).

5. Conclusions

We provide empirical evidence of the complex mechanisms gov
erning the response of Arctic tundra to emerging precipitation trends, 
contributing to closing the gap between model predictions and field 
observations. Our results reveal key regulatory pathways that, departing 
from the turnover-driven acceleration vs productivity-driven mitigation 
framework, may trigger profound alterations of the structure and 
functioning of Arctic terrestrial ecosystems under future climate sce
narios. We further propose a prominent role of the hydrologic system on 
the fate of permafrost C and suggest that changes in precipitation may be 
as relevant a climate forcing element as warming in Arctic regions. The 
direction and magnitude of the derived C-climate feedback, however, 
will depend on the severity and operating times of the disturbance.
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